The activity of proteins is often related to configuration changes that concern single atoms or amino acids or entire subdomains within the protein. The corresponding length and timescale reach from subAngstrom and picoseconds to nanometers and several tens of nanoseconds and beyond. We focus here on the slow motions on several ten nanosecond timescales of complete domains and show that and how these can be accessed by means of small angle neutron scattering and neutron spin-echo spectroscopy. In particular neutron spin echo spectroscopy is able to access timescales up to several hundred nanoseconds. Further insight into domain dynamics can be achieved by modelling the dynamics in comparison with the experimental data.
Introduction
Proteins are highly dynamic objects that are the subject of numerous experimental and theoretical studies. 1 On the scale of atoms we find rather unspecific stochastic fluctuations on the picosecond timescale. On an amino acid length scale motions are connected to chemical activity during binding of substrates or to diffusive motions of amino acid loops at the exterior of the protein. Complete subdomain movements on the nanosecond timescale allow conformational changes to enable function and on microsecond timescales proteins fold to their equilibrium structure. In particular the domain movements are important for the specific function of a protein as they facilitate the transfer of atomic groups and increase the specificity of reactions. 2 We focus here on these large scale domain movements on the timescale of several tenths of nanoseconds with several Angstrom in amplitude as they are expected for proteins with separated domains connected by hinge regions. Examples for such proteins are alcohol dehydrogenase with a cleft opening motion, 3 hexokinase with a locking domain motion 4 or phosphoglycerate kinase with a large hinge bending motion. 5, 6 There are only a few experimental techniques available that access these length and timescales like NMR 7 or fluorescence resonance energy transfer. 8 A strong point of neutron spin echo spectroscopy (NSE) compared to other non-scattering techniques is the ability to study nanosecond dynamics in the coherent scattering on different length scales by changing the scattering vector Q in a non-destructive experiment without mutation of the protein.
The ability to measure internal motions in proteins by NSE has initially been demonstrated by Alpert et al. 9 The main focus of recent publications was the interprotein diffusion, 10,11 the collective protein dynamics in membranes 12 or cluster formation. 13 Internal dynamics was revisited by Bu et al. 14 followed by successful attempts to separate interprotein diffusion and internal dynamics. 3, 6 In the following we will discuss the neutron scattering of proteins with respect to the protein structure and dynamics and how to access these by small angle neutron scattering (SANS) and NSE. Therefore we first describe, with three different sized proteins as examples (see Fig. 1 ), the static scattering and introduce the expected dynamics of a rigid protein to observe the change due to internal dynamics. Then we give an introduction to NSE with the necessary background correction and how to access the inelastic scattering due to protein dynamics. We close with a first model to interpret the internal dynamics by means of a normal mode analysis and some general considerations how to select a protein to observe large scale domain fluctuations. , an endonuclease that cleaves single-stranded RNA with a molecular weight of 13 700 Da. Below phosphoglycerate kinase (PGK: PDB code 3pgk) is a protein involved in glycolytic pathway with a molecular weight of 44 500 Da builds up by 2 main domains (blue, red) connected by a hinge (yellow) allowing fluctuations between the subdomains. 15, 16 The largest protein is yeast alcohol dehydrogenase with a molecular weight of 147 kDa (ADH: PDB code 2hcy), which converts ethanol to acetaldehyde, a reaction that can be catalyzed in both directions. ADH is a tetramer with each monomer (black, orange, yellow, blue) having a dumbbell like structure with two globular domains separated by a cleft, which is visible in the yellow and black domain. The maximum length of PGK is about 8 nm.
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Neutron scattering of proteins Structure
The crystal structure of individual proteins with atomic resolution is determined by X-ray crystallography 17 or NMR. 18 This structure is for a large class of proteins found in the Protein Data Bank (PDB) and can be accessed by individual codes. These crystal structures build the basis for any calculation to describe the structure or the dynamics of a protein. Geometrical restrictions from the crystal structure are not present in solution and the structure may differ due to rearrangements of exterior loops or of subdomains, but the general structure is conserved in most cases.
Changes of the configuration which influence the shape of individual proteins are visible in the coherent form factor of the protein. Interference between different proteins is dependent on the spatial distribution and modifies the coherent scattering intensity I(Q) z NS(Q,c)F(Q) for a set of N scatterers according to the structure factor S(Q,c), which is dependent on the concentration c and the interactions between different proteins. F(Q) ¼ hS i,j b i b j exp (iQ(r i À r j ))i the orientation averaged, concentration independent form factor reveals the atomic configuration and the shape of the protein. S(Q,c) and F(Q) depend on the scattering vector Q and the internal configuration of atoms at position r i with scattering lengths b i . The scattering length has to account for the exchange of labile hydrogen and for the contrast relative to the solvent, which for proteins typically is a D 2 O buffer solution to increase the visibility of the protein compared to the solvent. The SANS intensity has additional contributions from the protein incoherent scattering and the coherent and incoherent scattering of the solvent buffer. Both incoherent contributions are independent of Q. The coherent contribution of D 2 O is dependent on the water structure factor, which is constant for small Q. The background scattering of the buffer is measured independently and dominates the scattering at large Q limiting the accessible Q range for coherent scattering. From the protein solution scattering the background and the incoherent protein scattering have to be subtracted to result in the coherent scattering of the protein. From a measurement with different concentrations the form factor can be extracted by scaling the background corrected SANS intensity with the concentration and extrapolating the result to c ¼ 0 for each individual Q. As an approximation also a low concentration below 0.3% w/v can be chosen if S(Q) ¼ 1 can be assumed. With the form factor F(Q) the structure factor can be calculated by S(Q,c) ¼ I(Q)/c/F(Q). For a high salinity as found in typical buffers the charges on the protein surface are screened and a hard sphere like structure factor is found. Fig. 2a shows the form factor of the exemplary proteins in comparison to the expected buffer background for a protein solution of 1% w/v concentration. F(Q ¼ 0) shows the expected dependence on molecular weight leading to an increase with molecular weight. Above 0.08 A À1 the scattering signal is below the buffer background. With decreasing size the form factor shifts to larger Q reflecting the decrease of the radius of gyration R g , which determines the slope at small Q according to the
). For the tetramer ADH we observe a pronounced shoulder, which is characteristic for the tetrameric structure of the protein. PGK has a much smaller shoulder around 0.1 A
À1
, while Rnase has no remarkable structure in the shown Q range.
Rigid protein diffusion
The dynamics of proteins in solution is dominated by the translational and rotational diffusion of the protein. The single protein diffusion may be approximated by the diffusion of a nonspherical rigid particle at a finite dilution. We consider the Brownian dynamics of a rigid body in a viscous fluid. The observable single protein diffusion D 0 (Q) at an infinite dilution for a neutron scattering experiment is given by (see Appendix):
with the 6 Â 6 diffusion tensor D comprising translational and rotational contributions of the rigid protein. contributions arise from the diagonal elements of D TT and D RR and correspond to the scalar diffusion coefficients as the average over the corresponding trace.
By evaluating the hydrodynamic friction of an equivalently shaped object D can be calculated by the computer code HYDROPRO 20 for a given protein structure. At large length scales (small Q) the rigid body is seen as shapeless, quasi pointlike object, showing only the constant Q independent translational diffusion D T0 as observed by dynamic light scattering (DLS) at infinite dilution. The additional contribution from rotational diffusion leads to an increase in the effective rigid body diffusion D 0 (Q) above D T0 proportional to the rotational diffusion. It is observed, if the investigated length scale ($2p/Q) is smaller than a length typical for the deviation of the protein shape from spherical symmetry. The resulting Fig. 2b . The diffusion coefficient at a temperature of 10 C according to the HYDROPRO result is 2.7 A 2 ns À1 , 3.94 A 2 ns À1 and 6.3 A 2 ns À1 for ADH, PGK and Rnase, respectively. The effective single particle diffusion D eff (Q) of ADH shows a pronounced maximum at the onset of the shoulder in the form factor. The tetrameric structure of the protein increases at this specific length scale the contrast between the protein subdomains enhancing the contribution of rotational diffusion on top of the translational diffusion. The shape of the tetrameric ADH is close to a spherical symmetry leading to equal diagonal elements in the rotational diffusion matrix. As a result the slope before the maximum is steep. Because of the strong asymmetry of PGK the initial increase in D 0 (Q) is broader reflecting the differences in the diagonal elements of the rotational diffusion ([2.6, 2.5, 3.5] Â 10 6 s
À1
) with a smaller maximum at larger Q. Rnase diffuses much faster than the larger proteins and shows the initial increase at even larger Q.
At finite concentrations interparticle interactions cannot be neglected, and the collective translational diffusion coefficient is
, where H t (Q) is the hydrodynamic function representing hydrodynamic interparticle interactions mediated by the solvent and the structure factor S(Q) representing the direct interactions [21] [22] [23] [24] as measured by SANS. D t0 is the Q independent single particle scalar translational diffusion. The hydrodynamics influences also the rotational diffusion D r but independent from Q by D r ¼ D r0 H r with the single particle scalar rotational diffusion constant D r0 ( 25 ).
Neutron spin-echo spectroscopy
NSE is a high-resolution inelastic scattering technique that measures the temporal and spatial correlation of atomic or molecular items that have scattering contrast for neutrons. Inelastic neutron scattering experiments on proteins are usually performed at high Q where the incoherent scattering dominates and atomic fluctuations on a picosecond timescale are measured. At low Q the coherent scattering dominates and in general slower large scale collective dynamics in the protein can be observed. Inelastic neutron scattering techniques usually measure the Fourier transform of the space-time correlation function S(Q,u).
The neutron spin-echo technique implicitly performs a cosFourier transformation back to (Fourier) time and therefore yields the intermediate scattering function I(Q,t) in the time domain together with a high resolution in time. 26 This is achieved by coding the incoming velocity of a neutron from a polarized beam in the spin precession angle that results after a primary coding section. After scattering from the sample the outgoing velocity is decoded again by a symmetric (de)coding section. In high resolution instruments the coding sections consist of solenoids that generate a magnetic field along the neutron path. The spin precession happens with the Larmor frequency g, the accumulated angle is proportional to the path integral J, over the magnetic field in the coding section and the time the neutron needs to travel through it, i.e. inversely proportional to the neutron velocity. The two coding precession sections are symmetric and if a neutron does not change its velocity when scattered at the sample, the total precession angle in both arms is equal. Since the setup is such that the second arm precessions count negative the effective final angle is zero-independent of the neutron velocity. The polarization is restored (spin echo) at the point of exact symmetry between both arms. On the other hand a small velocity change during scattering creates a difference in precession angles that yields a polarization change at the end of the coding-decoding sections. Thus the instrument is sensitive to very small neutron velocity changes even when the velocity distribution of incoming neutrons is much larger (typically 10 percent FWHM). The final polarization signal is converted to intensity with the help of an analyzer in front of the detector. The Fourier time-the correlation time in NSE experiments-
2 is dependent on the neutron mass m n , the third power of the neutron wavelength l and the path integral of the magnetic field J. Depending on the expected relaxation time the wavelength can be chosen to meet the accessible times before the signal is lost in the background.
Protein scattering and background correction
The basic observable is the loss of polarization A-as amplitude of the spin echo-in a polarized neutron beam for a given Fourier time t due to an inelastic scattering of the neutrons. The initial polarization I(Q,t ¼ 0) is measured without Larmor precessions in the main magnetic field under utilization of spin flippers in the instrument setup. I up is measured in a transmission setup ''parallel polarizers'', while I down is measured with ''crossed polarizers''. The polarization averaged signal for t ¼ 0 is I(Q,t ¼ 0) ¼ (I up À I down )/2 and equivalent to I(Q) in the previous section.
The intermediate scattering function of the protein results from the background correction as:
The loss of polarization in a real measurement is partly due to imperfections of the experimental setup, different flight path of neutrons in the magnetic field or inhomogeneities of the magnetic field and imperfect flippers and polarizers. This loss of polarization can be measured with a purely elastic scatterer like carbon black powder and serve as a reference measurement to determine the instrumental resolution of the instrument. The sample measurement is normalized by this measurement (subscript ref in eqn (2)). Due to the different attenuation between sample and background measurement we have to account for the ratio of the transmissions T of the sample and the background, which is measured in a transmission configuration (Q ¼ 0).
The measured signal as the echo amplitude A is shown in Fig. 3 for PGK and corresponding background buffer measurement corrected only for the reference (see ref. 6 for experimental details on all PGK measurements). The measured signal is composed of the scattering of all components in the sample (or background) and due to the sample cell. The sample cell as a weak elastic scatterer adds a small Fourier time independent (i.e. elastic) contribution to the echo amplitude A and to I up and I down . The D 2 O buffer contributes mainly to I up and I down but less to the echo amplitude, because the water dynamics is much faster than the time window of the experiment at low Q. As a result the background scattering (triangles) shows a more or less constant echo amplitude over the full time range, but does not increase to the value of (I up À I down )/2 at t ¼ 0. The value of the plateau is due to the weak elastic sample cell scattering. Nevertheless for larger Q the incoherent D 2 O dynamics becomes visible at short Fourier times leading to a small increase for the largest Q in the background measurement. The larger scattering of the sample is due to the protein scattering but includes the background scattering. In general the scattering is mainly due to the coherent scattering of the protein in the buffer solution and the background is a correction of a few percent but important to determine the exact initial slope of the sample scattering. The scattered intensity at t ¼ 0 reflects the combined effects of form factor and structure factor, which means usually that the intensity decreases with increasing Q for small concentrations. Typically the maximum accessible Fourier time t is limited; if not by the largest field integral J of the solenoids, then by the level of the background, which is reached depending on the relaxation rate for the measured Q. As a rule of thumb, the background correction can achieve a reasonable signal up to the crossover, where the coherent protein scattering equals the D 2 O background in a SANS measurement, because the dominating incoherent signal of the D 2 O background only contributes with 1/3 to the echo amplitude due to the spin flip in incoherent scattering.
The
À1
. By changing the temperature the viscosity and so the relaxation time can be changed to meet the accessible timescales.
The uncorrected echo amplitude of the sample does not reach the initial polarization because of the background contribution with fast dynamics (solvent) to the polarization, which, however, is missing in the echo already for the shortest available/measured Fourier time. Therefore we can use the extrapolated amplitude for t ¼ 0 after correction, which should reach the initial polarization of 1, as a measure of quality for the background correction. Fig. 4 shows a semi-logarithmic plot of results for the intermediate scattering function I(Q,t)/I(Q,t ¼ 0) for 5% PGK including a bound substrate as obtained after these standard correction procedures. For the rigid protein the accessible Q and Fourier time range can be estimated assuming an exponential decay with exp (ÀQ 2 D 0 (Q)t) according to the rigid protein diffusion with the shown accuracy in Fig. 4 . It has to be taken into account that additional internal dynamics will result in a faster decay.
Analysis
The initial slope of the intermediate scattering function for t / 0 comprises the dynamics due to the translational and rotational diffusion of the protein together with any additional internal dynamics of the protein. The initial slope can be analysed by a cumulant analysis with I(Q,t)/I(Q,t ¼ 0) ¼ exp (K 1 t + 1/2K 2 t 2 ) with the initial decay rate K 1 ¼ ÀQ 2 D eff . For a non-exponential decay a single exponential fit over larger times will always result in a reduced value compared to the initial decay rate. In the limit for small times t / 0, ÀK 1 /Q 2 ¼ D eff represents the effective initial diffusion constant D eff . For small second cumulant values K 2 (less than the statistical error), K 2 can be fixed to zero to perform a single exponential fit. Fig. 5 shows the results for PGK and ADH in comparison to the results of dynamic light scattering experiments (as the limit for small Q) under the same conditions (see ref. 3 for experimental details on ADH). For both proteins we find a decrease at low Q values followed by an increase at higher Q. The lines represent the expectation for the rigid protein according to the results of HYDROPRO used in eqn (1) including the effect of the structure factor on the translational diffusion, which was measured independently by SANS, and the effect of the hydrodynamic function H. Already the modification due to the structure factor results in a good description of the low Q diffusion data leading to the observed decrease in D eff (Q) under the assumption of a constant H T (Q). H T values of 0.81 for ADH and 0.74 for PGK were found, both smaller than the expected values for hard sphere systems around 0.91 for the same volume fraction. H R was found to be close to 1, which is consistent to a weaker coupling of hydrodynamic interactions to rotational diffusion.
21,25 For ADH we extracted the long time limit for Fourier times 60 ns < t < 160 ns from a set of data, where the accessible timescale was long enough to yield reliable results. We find (blue data points in Fig. 5 ) that the long time limit is reasonably described by the assumptions made. The change in the effective diffusion is due to additional internal dynamics.
From the comparison of the expected behaviour for a rigid protein we can conclude that large scale fluctuations of entire domains are mostly visible when also the rotational diffusion starts to contribute to the measured initial slope. This can be understood as large domain fluctuations mainly change the shape of the protein and therefore have the same length scale as shape fluctuations seen by the scattering vector Q due to rotations.
A direct observation of the crossover due to additional internal dynamics is possible if the internal relaxation time is well separated from the diffusion relaxation times and the amplitude is large enough to be discriminated within statistical errors. Fig. 6 shows selected Q values of PGK with bound substrate and ADH. At small Q we find for PGK a single exponential decay. For Q ¼ 0.11 A À1 we have a faster decay due to the Q 2 D T dependence of the translational diffusion decay rate. The red broken line shows the initial slope extrapolated to longer times, which is faster than the expected decay due to the rigid protein behaviour according to eqn (1) including the corrections (blue broken line as long time behaviour extrapolated to t ¼ 0). The larger protein ADH shows at Q ¼ 0.085 A À1 a change from the initial slope (red broken line) to the long time behaviour (blue broken line), but in general slower compared to the faster diffusing PGK.
To extract these internal dynamics from the measured intermediate scattering function we can use the decomposition of rotational diffusion into spherical harmonics by Lindsay et al. are also corrected for interactions as described by S(Q), H T and H R . The internal dynamics is described by an additional exponential decay with rate constant G. The internal dynamics contribution A(Q) is taken as Q dependent resulting in:
S l (Q) are the terms of a multipole expansion with scattering length b i of the atom i at position r i and orientation U i , j l (Qr) are the spherical Bessel functions and Y l,m the spherical harmonics. The fits are shown in Fig. 6 as orange lines for the selected Q. Compared to eqn (1) this treatment has the advantage that instead of the initial slope the full non-exponential decay due to rotational and translational diffusion is described and can be used in a simultaneous least square fit over all Q. If there exists one dominant motion for the internal dynamics, one characteristic time constant should be observed regardless of Q, hence we can use one G value for all Q values and focus on the Q dependence of the internal dynamics contribution A(Q).
From this direct comparison we can extract the relaxation time of about 30 ns for PGK with substrate with an additional amplitude of about 0.12 for the high Q data in Fig. 6 . Analysis of all available Q data allows the determination of the Q dependent amplitude A(Q) of the specific internal protein dynamics as shown for PGK with and without substrate in Fig. 7 .
Modelling of protein dynamics
To describe the effect of specific protein movements onto the intermediate scattering function we need models for the occurrence of large scale domain motions. Rather geometrical models with artificial lines or points in the protein as hinge or a torsion line do not respect the internal structures and forces in the protein. On the other side full molecular dynamics simulations allowing a full calculation of the intermediate scattering function along a trajectory are rare because of the huge amount of computing time necessary to get hundreds of nanoseconds to resolve possible 30 ns timescales as in the case of PGK.
An intermediate method is the usage of normal modes or even simpler elastic normal modes as overdamped movement patterns respecting the protein structure. The protein is represented by a reduced set of atoms linked with equal springs neglecting the real forcefields, if their distance is smaller than a specific cutoff distance. The used potential is harmonic around the equilibrium distance between two neighboring atoms as it is suggested by a spring model. By solving the eigen equation of the generalized force matrix the eigenvectors are obtained. The cutoff and the simplified model mainly affect the higher order modes. 28 The low normal modes are mainly determined by the shape of the protein independent of the atomic details of the interaction. The absolute value of the eigenmode frequency depends on the force constant of the individual springs. The low eigenmodes describe distortions with small relative displacements of neighboring atoms which need a minimum energy for the global deformation. These are the soft modes that allow an easy configurational change of the whole protein and can be used as displacement patterns to change the protein configuration.
In a first order approximation for small displacements along a normal mode eigenvector the scattering intensity including the effect of overdamped normal modes may be approximated by: 
where I(Q) is the elastic form factor, a a is the corresponding mode amplitude squared, e a is the eigenvector of mode a and l a is the relaxation rate of the overdamped mode. For a combination of modes the amplitude of an eigenmode is weighted by the ratio of their squared eigenfrequency and the lowest eigenfrequency u 2 7 to result in equal energies to satisfy equipartition of energies. The contribution of a set of normal modes to the intermediate scattering function I(Q, t)/I(Q, t ¼ 0) is:
which is equivalent to the additional relaxation assumed in eqn (3) . Calculating the initial slope results in the additional effective diffusion compared to the rigid body expectation. 3 The resulting contribution to the intermediate scattering function for PGK is shown in Fig. 7 in comparison to the experimental results as described in the Analysis section. As a result it was found that for PGK the bound substrate reduces the relaxation time from 60 ns to 30 ns in combination with a reduction of the amplitude by a factor of two. For PGK the thermal domain dynamics are necessary to reach the catalytic active configuration from the equilibrium configuration (see ref. 6 for a detailed discussion). Any model of small displacements-respecting the real forcefields or simplifying them-extrapolated to larger elongations disregards the restrictions due to atomic excluded volumes and bond length. Also the type of relaxation is here limited to the assumed single exponential relaxation. The small displacement assumption used to result in eqn (5) disregards the large amplitudes of the motions. A full theory needs to respect the atomic restrictions and to account for the details of the scattering. Nevertheless this simple model gives a first insight into the possible principal movements and how they affect the intermediate scattering function. Better models for the possible configurational changes within thermal fluctuations and exact calculations of the resulting scattering are necessary to improve the interpretation of the underlying mechanisms.
Selecting a protein
As can be concluded from the previous sections the protein has to meet several criteria to be a good candidate to observe internal dynamics. Large scale thermal fluctuations are expected if the protein has well separated domains as in the case of PGK where in the cleft between the main domains the catalytic centre is located. In the case of ADH the two movable domains are located in each monomer, which are separated by a cleft which has to be opened and closed to bind and release the cofactor and the substrate. The amplitude of such motions can reach several Angstrom. For smaller proteins the expected amplitudes of internal motions are on a smaller length scale and move out of the accessible scale.
As a starting point biochemical characterisations have to be made to guarantee a high purity better than 90% of the protein solution and to exclude contaminations by other proteins or fragments. A main point for the data evaluation is that the protein solution has a defined state during the measurements. The aggregation to dimers and trimers or larger aggregates during the measurement time of about 3 day's beamtime (IN15, Institut Laue-Langevin, Grenoble at a wavelength of 15 A) has to be prevented to measure the dynamics of a single species. This is possible for small concentrations resulting in a low scattering, but at higher concentrations the tendency of most proteins to have a strong aggregation will result in a mixture of protein clusters and single proteins. As a result even at low Q, where for a non-aggregating protein a single exponential decay due to translational diffusion is expected (see Fig. 6 ), a slowing down at large Fourier times will be observed due to the different diffusive timescales of single proteins and slower aggregates. An excellent method to observe aggregation processes under different conditions over several days is DLS. 30 If DLS is used with a CON-TIN 31 analysis even smaller protein fragments and differently sized aggregates can be separated from the protein diffusion. Additionally a low Q limit at long times is measured to be compared to the NSE results. Removal of aggregates by centrifugation, fragment removal in dialysis or aggregation under different buffer conditions can easily be checked.
Increasing the protein concentration will also lead to a stronger scattering signal and improve the statistical errors. The influence of the structure factor and the hydrodynamic interactions will increase with increased concentration. For large anisotropic proteins the free rotational diffusion will be hindered if the mean distance between proteins is smaller than the maximum length of the protein.
The expected amplitude due to fluctuations can be approximated by a Debye-Waller estimate as the reduction of the elastic signal due to small displacements u according to
. If the movable domains are too small compared to the protein size the detectable amplitude A(Q) will be too small to be discriminated as an independent fraction of the intermediate scattering function, because of the small mean square displacements hu 2 i. Small amplitude displacements or fluctuations in small proteins can only be detected at larger Q, but due to the faster diffusion with a signal near to the background.
Very slow relaxation times prevent the independent measurement of the relaxation times, if the relaxation time 1/G is not separated from the diffusion relaxation time. If we subsume the diffusion contribution in eqn (3) If a discrimination between initial slope and long time behaviour is not expected, it is preferable to concentrate on the initial slope at short times, which can be measured at a shorter wavelength with higher intensity (e.g. a gain of 15 by changing the wavelength from 16 A to 8 A while decreasing the Fourier times from 200 ns to 25 ns for IN15) and reduced error bars.
Conclusions
We demonstrated with some examples the possibilities to measure the internal dynamics of large scale motions in proteins. It is not only possible to measure the change of the effectively measured diffusion in the initial slope; it is possible to measure the crossover from the combined diffusive and internal motions to the purely diffusive long time behaviour. The extraction of the internal dynamics contribution to the intermediate scattering function including the timescale of the protein motions allows new insights into the softness of proteins and into the mechanical properties of single proteins in their nearly natural environment. The contribution of the internal dynamics to promote or enable configuration changes to reach a specific catalytic active configuration or to enable binding and release of substrate and products of chemical reactions can be examined. The sensitivity of the protein to the environmental conditions can be investigated before configuration changes like partly denaturation appear and change the complete structure of the protein and prevent function. Biochemical characterisations like activity measurements can be related to direct dynamic measurements of the internal dynamics.
the generalized Smoluchowski equation vP/vt ¼ DP with the Smoluchowski operator:
Here, D(X) is the 6N Â 6N diffusion matrix which incorporates hydrodynamic interactions between individual subunits and the potential F(X) depends on direct interactions and additional external fields. The orientational part of the gradient operator v/vX may then be expressed with the moment of momentum operator L i ¼ r i Â v/vr i .
30,33
v=vX ¼ v=vr r Â v=vr (A2)
With the scattering length of a subunit b j and the scattering vector Q the scattering density as seen by a neutron scattering experiment is 34 rðQ; tÞ ¼ P b j e iQrj ðtÞ . The time dependent intermediate scattering function is:
F(Q,t) ¼ hr(Q,t), r(Q,0)*i ¼ hr(Q,t), r(ÀQ,0)i
where the time dependence r(Q,t) is given by the adjoint Smoluchowski operator L and r(Q,t) ¼ e Lt r(Q,t) (A4)
Inserting eqn (A4) with eqn (A5) in eqn (A3) yields for the scattering function 
The brackets hi represent the ensemble average. The equilibrium distribution is P eq (X) ¼ exp (ÀF(X))/Z(X) with Z(X) ¼ Ð exp (ÀF(X))/dX. For a rigid protein configuration the potential can be described by an expansion around the equilibrium positions X 0 of the atoms in the centre of mass system of the protein with
where the first derivatives are equal to zero in the equilibrium minimum of the potential. The brackets hi represent the ensemble average over the remaining variables and the exponent is the remaining part of the adjoint Smoluchowski operator for the rigid protein. While the integration over the position space for the single particle is 1 the orientational average can be replaced by an averaging over Q space.
First cumulant of diffusion
Using the first cumulant 34, 35 UðQÞ ¼ lim The denominator is equal to the form factor of the protein.
The sum runs over all subunits respectively atoms.
